A bacterial strain Arthrobacter globiformis A19 producing cyclic tetrasaccharide (CTS) was isolated from soil. The enzymes, 6--glucosyltransferase (6GT) and 3--isomaltosyltransferase (IMT), involved in the synthesis of CTS were purified to homogeneity. The molecular and enzymatic properties of IMT from A. globiformis were similar to those of enzymes from Bacillus globisporus C11 and N75. Arthrobacter 6GT had a smaller molecular mass of 108 kDa and a higher optimum pH of 8.4 than the enzymes from strains of B. globisporus. The genes for IMT (ctsY) and 6GT (ctsZ) were cloned from the genome of A. globiformis A19. The two genes linked together in tandem and formed a gene cluster, ctsYZ. Both of the gene products showed similarities to -glucosidases belonging to glycoside hydrolase family 31, and conserved two aspartic acids corresponding to the putative catalytic residues of the family enzymes. The enzymatic system for the production of CTS consisting of 6GT and IMT might be widespread among bacteria.
A bacterial strain Arthrobacter globiformis A19 producing cyclic tetrasaccharide (CTS) was isolated from soil. The enzymes, 6--glucosyltransferase (6GT) and 3--isomaltosyltransferase (IMT), involved in the synthesis of CTS were purified to homogeneity. The molecular and enzymatic properties of IMT from A. globiformis were similar to those of enzymes from Bacillus globisporus C11 and N75. Arthrobacter 6GT had a smaller molecular mass of 108 kDa and a higher optimum pH of 8.4 than the enzymes from strains of B. globisporus. The genes for IMT (ctsY) and 6GT (ctsZ) were cloned from the genome of A. globiformis A19. The two genes linked together in tandem and formed a gene cluster, ctsYZ. Both of the gene products showed similarities to -glucosidases belonging to glycoside hydrolase family 31, and conserved two aspartic acids corresponding to the putative catalytic residues of the family enzymes. The enzymatic system for the production of CTS consisting of 6GT and IMT might be widespread among bacteria.
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The cyclic tetrasaccharide cyclo-{!6)--D-Glcp-(1!3)--D-Glcp(1!6)--D-Glcp(1!3)--D-Glcp(1!} (abbreviated to CTS) is a cyclic oligosaccharide consisting of four glucose residues joined by alternate -1,3 and -1,6 linkages. 1) It has been reported that CTS is enzymatically produced from alternan by the action of its degrading enzyme, named alternanase, from Bacillus sp. NRRL B-21195. 1, 2) Alternan is a dextran-like polysaccharide composed mainly of an alternating sequence of -1,3-linked and -1,6-linked glucose residues, produced from sucrose by alternan sucrase (EC 2.4.1.140) from Leuconostoc mesenteroides NRRL B-1355.
3) Unlike other cyclic glucans such as cyclodextrins (cyclic -1,4-glucan), 4) cyclodextrans (cyclic -1,6-glucan), 5) and cyclosophoroses (cyclic -1,2-glucan), 6) CTS has heterogeneous linkages of -1,3 and -1,6 in its structure. Crystal structure analysis shows that CTS is shaped like a plate with a depression on one side, but does not possess a cavity space as cyclodextrins do. 7) Although the characteristics of CTS are not yet clear in detail, potential applications of the saccharide for food, cosmetics, and medicines are anticipated due to its unique structure.
Recently, we have found a novel enzymatic system for producing CTS from -1,4-glucan in a culture supernatant of Bacillus globisporus. 8, 9) The system consists of 6--glucosyltransferase (6GT) and 3--isomaltosyltransferase (IMT). A mechanism of CTS synthesis is proposed as follows: i) 6GT catalyzes an intermolecular transglucosylation in which a glucose residue at the non-reducing end of -1,4-glucan is transferred to the 6-OH of another non-reducing glucose, to produce isomaltosyl--1,4-glucan. ii) The isomaltosyl part of the intermediate product is transferred to another isomaltosyl--1,4-glucan by IMT. The second intermediate product is isomaltosyl--1,3-isomaltosyl--1,4-glucan. iii) Another activity of IMT, an intramolecular transglycosylation, cuts off and cyclyzes the isomaltosyl--1,3-isomaltosyl part of the second intermediate, to produce CTS in the end. We also have developed industrial production of CTS from starch. 10) In the course of our investigation, we found that the bacterial strain A19, identified as Arthrobacter globiformis, also produced CTS from starch and maltooligosaccharides. We also detected 6GT and IMT activities in the culture supernatant of strain A19. In this paper, we describe the purification, characterization, and gene cloning of the cyclic tetrasaccharide-synthesizing enzymes 6GT and IMT from A. globiformis A19.
Materials and Methods
Bacteria and plasmids. The bacterial strain A19 was y To whom correspondence should be addressed. Tel: +81-86-231-6731; Fax: +81-86-231-6738; E-mail: amaseken@hayashibara.co.jp Abbreviations: CTS, cyclic tetrasaccharide; 6GT, 6--glucosyltransferase; IMT, 3--isomaltosyltransferase; ORF, open reading frame; DE, dextrose equivalent isolated from soil from Okayama, Japan, according to the screening method described previously. 8) Morphological, culture, and physiological characterizations according to ''Bergey's Manual of Systematic Bacteriology'' classified the strain into Arthrobacter globiformis.
11) The strain was also used as the DNA donor for gene cloning. Escherichia coli XL2-Blue MRF 0 (Á(mcrA)183, Á(mcrCB-hsdSMR-mrr)173, endA1, supE44, thi-1, recA1, gyrA96, relA1, lac[F 0 , proAB, lacI q Z Á M15, Tn10(Tet r ), Amy, Cam r ]) was used as a host for gene cloning. The plasmids pBluescript II SK+ and pCR-Script Amp SK+ (Stratagene, CA, USA) were used as vectors.
Saccharides. Partially hydrolyzed starches, Pinedex #4 (DE 8 AE 1) and Pinedex #100 (DE 2 to 5), were purchased from Matsutani Chemical Industry (Itami, Japan). 6
4 -O--glucosyl-maltotetraose, 6 3 -O--glucosyl-maltotriose, and CTS were prepared in our laboratory.
8) The other saccharides used in this study were of analytical or commercial grade.
Enzyme purification. A. globiformis A19 was cultured in a 30-liter jar fermenter (B.E. Marubishi, Tokyo, Japan) with a working volume of 20 liters. The medium was composed of 3.0% Pinedex #4, 3.6% yeast extract, 0.2% K 2 HPO 4 , 0.12% NaH 2 PO 4 . 2H 2 O, and 0.05% MgSO 4 . 7H 2 O, and the pH was adjusted to 6.8. During cultivation, the agitation and aeration ratio was kept at 250 rpm and 0.4 vvm, and cultivation was carried out at 27 C for 65 h. After removal of the cells by centrifugation at 10;000 Â g for 30 min, solid (NH 4 ) 2 SO 4 was added to the supernatant of the culture broth (5 liters) up to 60% saturation. The resulting precipitate was collected and dissolved in 10 mM Tris-HCl buffer (pH 7.5), and then dialyzed against the same buffer. The dialyzed solution was put on a DEAE-Toyopearl 650S (Tosoh, Tokyo, Japan) column (2:2 Â 100 cm) equilibrated with the same buffer. The adsorbed proteins were eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 3 ml/min. The active fractions of 6GT or IMT were separately pooled and dialyzed against 10 mM sodium phosphate buffer (pH 7.0). The solution containing the 6GT activity was brought to a 1 M (NH 4 ) 2 SO 4 by adding solid (NH 4 ) 2 SO 4 , and was put on a Sephacryl HR S-200 (Amersham Bioscience, Uppsala, Sweden) column (1:6 Â 16 cm) equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 1 M (NH 4 ) 2 SO 4 . The adsorbed proteins were eluted with a linear gradient of 1 to 0 M (NH 4 ) 2 SO 4 in the same buffer. The active fractions were pooled as purified 6GT. IMT was also purified by Sephacryl HR S-200 column chromatography. 6GT activity was assayed at 40 C, pH 8.4, using maltotriose as a substrate as described previously. 8) One unit of 6GT activity was defined as the amount of the enzyme that liberates 1 "mol of maltose per min. The enzyme activity for IMT was measured at 40 C, pH 6.0, using panose as a substrate. 8) One unit of IMT activity was defined as the amount of the enzyme that produces 1 "mol of glucose per min.
Physical measurements. Protein concentration was determined by the method of Lowry et al. using bovine serum albumin as a standard protein.
12) Absorbance at 280 nm was used to monitor proteins in column eluates. Molecular mass was estimated by SDS-polyacrylamide gel electrophoresis according to the method of Laemmli.
13) The isoelectric point was determined by gel isoelectric focusing (IEF) using precast Ampholine PAGplate (Amersham) and IEF standards (Bio-Rad Laboratories, CA, USA).
Amino acid sequences of 6GT and IMT protein. The purified 6GT protein was digested with lysyl endopeptidase (Wako Pure Chemical Industries, Osaka, Japan), and then seven kinds of peptide fragments were isolated from the reaction mixture by a reverse-phase HPLC. The N-terminal amino acid sequences of these peptide fragments and the native 6GT and IMT proteins were analyzed using a Model 473A sequencer (Applied Biosystems, CA, USA).
DNA preparation and nucleotide sequences. DNA preparation and nucleotide sequencing were performed according to the method described in our previous paper.
14)
Cloning of a ctsZ DNA fragment. A two-step PCR was carried out to obtain a partial fragment of the 6GT gene (ctsZ). A. globiformis A19 chromosomal DNA was used as the template for PCR. The sequence of the sense mix primer for the first PCR was 5 0 -CARGARTGGAAYYT-NAC-3 0 (R; A or G, Y; C or T, N; A, C, G, or T) corresponding to the amino acid sequence of a peptide fragment from 6GT, Gln-Glu-Trp-Asn-Leu-Thr (see Z-p2 in Fig. 3 ). The sequence of the antisense mix primer was 5 0 -TGYTCRTCRTGCCANAC-3 0 corresponding to the amino acid sequence, Gln-Glu-AspHis-Trp-Val (see Z-p5 in Fig. 3 ). After purification using a MicroSpin S-400 HR column (Amersham), the DNA mixture, amplified by the first step, was used as the template for the second PCR. The sequence of the sense mix primer for the second PCR was 5 0 -ACNGGN-GAYCCNTGGAC-3 0 corresponding to the amino acid sequence, Thr-Gly-Asp-Pro-Trp-Thr (Z-p2). As for the sequence of the antisense mix primer, it was 5 0 -TGNGTCCARTCDATCAT-3 0 (D; A, T, or G) corresponding to the amino acid sequence, Gln-Thr-TrpAsp-Ile-Met (Z-p5). The temperature program for each cycle was 98 C for 20 sec, 52 C for 2 min, and 68 C for 6 min. After 95 C for 1 min of heat treatment for DNA denaturing, 30 cycles were run. The amplified DNA fragment of about 0.5 kbp was purified by gel electrophoresis and then cloned into a pCR-Script Amp SK+ vector. The DNA sequencing showed that the 496-bp fragment was a portion of the ctsZ gene (nucleotide positions 5,383 to 5,878 in Fig. 3 ). This fragment was used as a probe for colony hybridization.
Gene cloning. The genomic DNA from A. globiformis A19 was digested with Kpn I. Fragments with a molecular size of about 4.0 kbp were separated and purified from the agarose gel. The fragments were ligated into the Kpn I site of pBluescript II SK+. The genomic DNA library constructed was screened by colony hybridization using a DIG DNA labeling and detection kit (Roche Molecular Biochemicals, Mannheim, Germany). Colony hybridization was performed according to the manufacturer's protocol. One positive clone containing a DNA fragment, K-1 (3.4 kbp, nucleotide positions 5,412 to 8,829 in Fig. 3 ), was obtained. DNA sequencing showed that the K-1 fragment had the 3 0 region of the ctsZ gene and one complete open reading frame (ORF-4). To obtain the full length of the ctsZ gene, the Not I library of the genomic DNA was constructed and re-screened by colony hybridization. Consequently, the N-1 fragment (6.2 kbp, nucleotide positions 1 to 6,153) containing the 5 0 region of the ctsZ gene and its upstream region was cloned.
Results
Screening for CTS-producing bacteria from soil Among about 5,000 bacteria tested in this study, the strain A19, identified as Arthrobacter globiformis, was obtained as a producer of a non-reducing oligosaccharide (saccharide A) from starch. Compared with authentic non-reducing oligosaccharides including CTS, saccharide A showed the same R f value as CTS on TLC. After the culture supernatant of A. globiformis A19 reacted with Pinedex #100, saccharide A was isolated from the reaction mixture according to the method described previously. 8) Electrospray ionized mass spectrometry (ESI-MS) of saccharide A showed an ½M þ Na þ ion peak with an m=z ratio of 671, for an apparent mass of 648, corresponding to that of CTS. The 13 C-NMR spectrum of saccharide A was completely identical to that of CTS (data not shown). From these results, we concluded that saccharide A was CTS.
Purification of CTS-producing enzymes 6GT and IMT were purified from the culture supernatant of A. globiformis A19. The results of the purification are summarized in Table 1 . SDS-PAGE of the purified 6GT and IMT showed a single band. 6GT was purified 268-fold in a yield of 27%, and IMT 67-fold in a yield of 6%.
Physical and enzymatic properties of 6GT
The molecular mass of 6GT was estimated to be 108 kDa by SDS-PAGE. The pI of the enzyme was 4.3 by gel isoelectric focusing. The N-terminal sequence was determined to be as follows: NH 2 -Ala-Pro-Leu-Gly-Val-Gln-Arg-Ala-Gln-PheGln-Ser-Gly-. The effects of pH and temperature on activity and stability are shown in Fig. 1A and 1B. 6GT was most active at pH 8.4. The enzyme was stable in a pH range of 4.5 to 9.0 when kept at 4 C for 24 h. The optimum temperature for the enzyme was 60 C. When heated at various temperatures for 60 min, it was stable up to 50
C. The addition of 1 mM Ca 2þ resulted in an increase in thermal stability of the enzyme up to 60 C. The effect of metal ions (1 mM) on 6GT activity was determined. Enzyme activity was strongly inhibited by Cu 2þ , Fe 3þ , Al 3þ , Ni 2þ , Fe 2þ , Hg 2þ , Zn 2þ , Pb 2þ , and EDTA (less than 10% of the activity without metals). Tris also inhibited enzyme activity (54%).
Physical and enzymatic properties of IMT The molecular mass of IMT was estimated to be 113 kDa, and the pI was 4.2. The N-terminal sequence was determined to be as follows: NH 2 -Asn-Thr-Leu-Asp-Gly-Val-Trp-His-Gln-ProTyr-Gly-Ala-Asp-Glu-Leu-Tyr-Ala-Thr-Gln-. The effects of pH and temperature on activity and stability are shown in Fig. 1C and 1D . The enzyme had the highest activity at pH 6.5. It was stable in a pH range of 4.5 to 9.0 when kept at 4 C for 24 h. The optimum temperature for the enzyme was 50 C. It was stable up to 40 C (in the absence of Ca 2þ ), and 45 C (in the presence of 1 mM Ca 2þ ), when heated at various temperatures for 60 min. Enzyme activity was strongly inhibited by Hg 2þ (about 1% of the activity without metals) and Cu 2þ (16%). Action of 6GT on maltooligosaccharides The purified 6GT reacted with maltotetraose (G4), maltotriose (G3), and maltose (G2), and the time course of the products was analyzed by HPLC. As shown in Fig. 2, two transfer products, 6 4 -O--glucosyl-maltotetraose (abbreviated to G4-1) and maltopentaose (G5), were produced from G4. Likewise, two transfer products, 6
3 -O--glucosyl-maltotriose (abbreviated to G3-1) and G4, were produced from G3. These results indicate that 6GT catalyzed both -1,6-and -1,4-transglucosylations to the non-reducing end of maltooligosaccharides. G2 was a poor substrate for this enzyme, and gave only a small amount of G3, but panose (6 2 -O--glucosyl-maltose) was not detected. Although small amounts of glucose were detected in the reaction mixtures using G2 or G3 as substrates, glucose expected as the hydrolysis product from G4 was negligible. These results suggest that 6GT has little hydrolytic activity on maltooligosaccharides.
Action of IMT on 6-O--glucosyl-maltooligosaccharides
The purified IMT reacted with G4-1, G3-1, and panose, and the sugar compositions of the reaction mixtures were analyzed by HPLC (Table 2 ). It was found that CTS was synthesized from all of these substrates. G3, G2, and glucose, which were the moieties eliminated the isomaltosyl part from the substrates, were also produced from G4-1, G3-1, and panose, respectively. Small amounts of isomaltose were also detected in all reaction mixtures, indicating that IMT possesses a weak hydrolytic activity besides the transfer activity. Among these substrates, panose gave the highest yield of CTS (35%). IMT had no activity on maltooligosaccharides, isomaltotriose, or dextran.
Formation of CTS by purified 6GT and IMT A reaction mixture (4 ml) containing 1% (w/w) of each substrate, 30 units/g dry solid of 6GT, and 10 units/g dry solid of IMT in 50 mM acetate buffer (pH 6.0) was incubated at 40 C for 48 h. The sugar composition of the reaction mixture was measured by HPLC. The yields of CTS from Pinedex #100 and maltopentaose were 30.1% and 23.9%, respectively. The CTS yields of the Arthrobacter enzymes were lower than those of the Bacillus enzymes. 8, 10) Gene cloning After several trials of PCR using primers designed on the basis of the internal amino acid sequences, we succeeded in amplifying a 496-bp fragment of the ctsZ gene (PCR-1) from the genomic DNA of A. globiformis A19. The amino acid sequence encoded by this DNA fragment (nucleotide positions 5,383 to 5,878 in Fig. 3 ) contained one internal sequence, Z-p4, of the 6GT protein. Therefore, we concluded that the DNA fragment was a portion of the ctsZ gene. Two DNA fragments (K-1 and N-1) overlapping by 742-bp sequence were cloned by colony hybridization using the PCR-1 as a probe from the genomic DNA libraries of A. globiformis A19. The fragment K-1 was a 3,418-bp DNA (nucleotide positions 5,412 to 8,829) encoding a C-terminal part of 6GT and ORF-4. The fragment N-1 contained a 6,153-bp DNA (nucleotide positions 1 to 6,153) encoding an incomplete ORF-1 and a complete ORF-2 preceding an N-terminal part of 6GT. The two DNA sequences covered the full length of the ctsZ gene. The amino acid sequence of Asn-50 to Gln-69 of ORF-2 was identical to the N-terminal sequence of the IMT protein, meaning that ORF-2 was the gene for IMT (ctsY). The gene forming ctsYZ of A. globiformis A19 was the same as those of B. globisporus C11 and N75. Thus, the 8,829-bp sequence cloned in this study contained ctsY, ctsZ, and two other ORFs. The nucleotide sequence data have been deposited in the DDBJ/EMBL/GenBank databases under accession no. AB161945.
The ctsY gene
As shown in Fig. 3 , the ctsY gene encoded a protein with 1,121 amino acid residues (calculated molecular mass of 121,585 Da). The structural gene extended from the ATG initiation codon at position 1,281 to the TGA stop codon at position 4,644, with a potential ShineDalgarno (SD) sequence, AAAGGGG, from position 1,269 to 1,275. The putative À35 and À10 promoter sequences were observed 35-bp upstream of the initiation codon. The N-terminal sequence of the mature IMT started from Asn-50 of the deduced amino acid sequence, indicating that the preceding 49 residues might be a signal sequence for secretion. The molecular mass of the gene product without the putative signal sequence was calculated to be 116,572 Da, in agreement with 113 kDa of the purified enzyme (SDS-PAGE). The amino acid sequence of IMT showed 48.1% and 47.9% identities to those of IMT from B. globisporus C11 14) and N75, 9) respectively (Fig. 4) . Two aspartic acids (Asp-594 and Asp-690), proposed as the catalytic residues 15) of the glycoside hydrolase family 31 - A reaction mixture (4 ml) containing 40 mg of a substrate and 0.8 unit of IMT in 50 mM acetate buffer (pH 6.0) was incubated at 40 C for 2 h. The reaction was stopped by boiling for 10 min. The sugar composition of the reaction mixture was analyzed by HPLC with a MCI GEL CK04SS column. G1, glucose; G2, maltose; IG2, isomaltose; G3, maltotriose; Pan, panose; G3-1, 6
3 -O--glucosyl-maltotriose; G4-1, 6 4 -O--glucosyl-maltotetraose.
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Two Glycosyltransferases from A. globiformis A19glucosidases, 16) were conserved in the IMT as well as the Bacillus IMTs.
The ctsZ gene
The ctsZ gene lay in the rear of the ctsY through a short flanking region of 26 bases. The structural gene encoded a protein with 965 amino acid residues of 103,915 Da. The ORF started at the ATG initiation codon (nucleotide position 4,673) and ended at the TGA stop codon (nucleotide position 7,568). A putative SD sequence, AGGGAGAA, preceded the ATG translation start codon. There was a palindoromic sequence (nucleotide positions 7,798 to 7,834) like a transcriptional signal (ÁG ¼ À26 kcal/mol) downstream of the stop codon of the ORF. The deduced amino acid sequence contained the N-terminal and all of the internal sequences of the 6GT protein purified from A. globiformis A19. The N-terminal sequence of the mature 6GT started from Ala-37 of the deduced sequence, indicating that the preceding 36 residues might play a role in secretion as a signal sequence. The molecular mass of the gene product without the putative signal sequence was calculated to be 100,381 Da, in agreement with 108 kDa of the purified enzyme (SDS-PAGE). The amino acid sequence of 6GT displayed weak identities (21.8% and 22.8%) to those of 6GT from B. globisporus C11 14) and N75, 9) respectively. As shown in Fig. 4 , Arthrobacter 6GT conserved the residues, Asp-434 and Asp-536, corresponding to the putative catalytic residues of family 31 -glucosidases as well as Bacillus 6GTs.
Other ORFs ORF-1 (nucleotide positions 1 to 1,109) was an incomplete ORF missing the 3 0 -region. There was a potential SD sequence upstream of the initiation codon GTG of ORF-1. The putative À35 and À10 promoter sequences were observed 28-bp upstream of the initiation codon. The amino acid sequence of 369 residues deduced from ORF-1 showed 30% identity to xylose operon repressor protein from B. licheniformis DSM13, 17) suggesting that the ORF-1 protein may play a role in the regulation of ctsYZ transcription.
ORF-4 encoded a polypeptide composed of 214 amino acid residues of 22,526 Da. A putative SD sequence preceded the ATG translation start codon of ORF-4. There was a palindoromic sequence like a transcriptional signal (ÁG ¼ À25 kcal/mol) downstream of the TGA stop codon of the ORF. The deduced amino acid sequence of ORF-4 showed high similarity (63.4%) to a membrane protein from Streptomyces coelicolor A3(2). The identical amino acid residues in each column are outlined in black boxes. Two aspartic acid residues corresponding to the putative catalytic residues of the glycoside hydrolase family 31 -glucosidases are marked by asterisks. A19-CtsY and A19-CtsZ, A. globiformis A19 6GT and IMT (this study); C11-CtsY and C11-CtsZ, B. globisporus C11 enzymes; 14) N75-CtsY and N75-CtsZ, B. globisporus N75 enzymes.
9)

Discussion
Previously we reported on a novel enzymatic system for producing CTS from -1,4-glucan in a culture supernatant of B. globisporus. 8, 9) The unique system consisted of two glycosyltransferases, 6GT and IMT. Recently, Kim et al. have found the same system in Bacillus sp. NRRL B-21195. 19) They called the enzymes by other names, disproportionating enzyme (140 kDa) and cycloalternan-forming enzyme (117 kDa), corresponding to 6GT and IMT, respectively. In the present study, we found that A. globiformis A19 isolated from soil also produced CTS from maltooligosaccharides in the same manner as the enzymes from B. globisporus. This is the first evidence that the CTS-forming system exists in a bacterial strain other than the genus Bacillus.
The molecular and enzymatic properties of 6GT and IMT purified from A. globiformis A19 were compared to those from B. globisporus C11 and N75 (Table 3) . Although the properties of Arthrobacter IMT were not significantly different from those of Bacillus IMTs, Arthrobacter 6GT had a smaller molecular weight and a higher thermal stability than Bacillus 6GTs. The optimum pH of Arthrobacter 6GT was significantly higher than those of the Bacillus enzymes. In general, when two enzymes react jointly on a substrate, it is desirable that they exhibit almost the same optimum pH mutually. For example, maltooligosyltrehalose synthase (EC 5.4.99.15) and maltooligosyltrehalose trehalohydrolase (EC 3.2.1.141), involved in the synthesis of trehalose from starch, show similar optimum pHs of around six, 20) and industrial mass-production of trehalose has been developed using the two enzymes. As for the production of CTS, 6GT and IMT from Bacillus strains exhibit similar optimum pHs of around six, and we succeeded in CTS production from starch using the Bacillus enzymes. 9, 10) The Arthrobacter enzymes, however, need large enzyme dosages for CTS production because of the difference in the optimum pHs between 6GT and IMT.
The primary structure of IMT from A. globiformis A19 showed significant identities to those of IMTs from B. globisporus C11 and N75 (Fig. 4) . From the structural and functional points of view, Arthrobacter IMT appeared to resemble Bacillus IMTs. On the other hand, the amino acid sequence of 6GT from A. globiformis A19 displayed poor identities to those of 6GTs from B. globisporus C11 and N75 (Fig. 4) . Especially, the C-terminal part of Arthrobacter 6GT exhibited no homology to those of 6GTs from B. globisporus. During the purification of 6GT from B. globisporus C11, we found that Sephacryl HR S-200, which was made of dextran, was an effective resin for enzyme adsorption. The enzyme adsorbed on the resin was not eluted by the gradient of (NH 4 ) 2 SO 4 , but 5% maltopentaose. The C-terminal region of the enzyme showed significant homology to that of isomalto-dextranase (EC 3.2.1.94), 14) suggesting that the region might be a domain involved in binding to dextran. In contrast, Arthrobacter 6GT was easily eluted from the resin by a linear gradient of (NH 4 ) 2 SO 4 (data not shown). These results indicate that the Arthrobacter enzyme possesses poor affinity with dextran differently from the Bacillus enzyme. Interestingly, the C-terminal part of Arthrobacter 6GT showed similarities to those of various amylases (Fig. 5 ). This region of those enzymes was found to function as a starch-binding domain. 21, 22) The DNA sequence of 8,829 bp obtained from the genome of A. globiformis A19 contains four ORFs, including ctsY and ctsZ. The ctsY and ctsZ genes linked together and formed a gene cluster, ctsYZ. The cluster of A. globiformis A19 can be compared with the cts operon, ctsUVWXYZ, of B. globisporus C11 (Fig. 6 ). In the case of the Bacillus genes, ctsX, which encodes an unknown protein and precedes ctsYZ, is located in the same orientation as ctsYZ. In contrast to Bacillus ctsX, the ORF-1 of A. globiformis encodes a xylose operon repressor-like protein in the opposite direction to ctsYZ. Furthermore, there are promoter-like sequences between ORF-1 and ctsYZ. These gene structures indicate that ORF-1 transcribes as a member of a different operon from ctsYZ. Probably, the ctsYZ gene transcribes as a polycistron because the genes are located between a putative promoter and a transcriptional terminator-like sequence. Now we are cloning the sequence preceding ORF-1, including the 3 0 -region of ORF-1. Recently, the genome sequences of Listeria monocytogenes and L. innocua have been determined. 23) Of the proteins encoded on the Listeria genomes, Lmo2444 from L. monocytogenes and Lin2538 from L. innocua 
8)
c Aga et al. 9) show 21% identity to 6GT from A. globiformis A19. Lmo2446 from L. monocytogenes and Lin2540 from L. innocua display a significant identity of 47% to Arthrobacter IMT. The lmo2444 and lmo2446 genes of L. monocytogenes are connected together with the insertion of a short ORF. Similarly, the lin2538 and lin2540 genes of L. innocua are linked together with a short ORF. All of these Listeria proteins have the two regions conserved among the glycoside hydrolase family 31, including 6GT and IMT. Although the function of the Listeria proteins has not been clarified yet, the homology of the amino acid sequences suggests that the Listeria proteins may be 6GT and IMT. Thus, the enzymatic system for production of CTS consisting of 6GT and IMT might be widespread among bacteria. The identical amino acid residues in each column are outlined in black boxes. A19-6GT, 6--glucosyltransferase from A. globiformis A19 (this study); Bsp-Amy, -amylase from Bacillus sp. (Q59222 in Swiss-plot); Kox-CGT, cyclomaltodextrin glucanotransferase from Klebsiella oxytoca (P08704); Pst-G4Amy, maltotetraose-forming amylase from Pseudomonas stutzeri (P13507); Tth-Bamy, -amylase from Thermoanaerobacterium thermosulfurigenes (P19584); Aor-Gamy, glucoamylase from Aspergillus oryzae (P36914).
